
The r epor t  
W 

summarizes t h e  present s t a t u s ,  both experimental and t h e o r e t i c a l  of minimal s e l f  

replicating e n t i t i e s ,  
, 

The smallest  f r e e  l i v i n g  organisms approach s i z e s  at which t h e  s t r u c t u r e  of 

matter izselz '  imposes l i m i t s  on t h e  complexity and function of t h e  c e l l s .  The 

l i n e a r  a x e n s i o n s  of t h e  most minute f r e e  l i v i n g  forms a r e  t h e  order of magnitude 

of one t;;ousand t i m e s  t h e  l i n e a r  dimensions of atoms. For t h i s  reason a study of 

t h i s  brz,.-ch or' biology br ings  sharply i n t o  focus c e r t a i n  l i m i t i n g  problems about 

t h e  process of s e l f  dupl ica t ion  i n  biology. I n  addi t ion ,  a l l  organel les  i n  c e l l s  

of t h i s  s i z e  range must of necess i ty  be i n  t h e  general  s i z e  range of macromolecules 

o r  reasor-ably small aggregates of macromolecules. 

b 

t 

I n  xLis r epor t  on t h e  minimum self r ep l i ca t ing  u n i t  we w i l l  focus a t t e n t i o n  

on orgariisms which are capable of r e p l i c a t i o n  i n  t h e  absence of a host c e l l .  This 

i s  done t o  avoid t h e  d i f f i c u l t y  of knowing exac t ly  how much of t h e  hos t  apparatus 

t o  assigs as being an e s s e n t i a l  p a r t  of t h e  r e p l i c a t i o n  cycle. Thus, the c l a s s  

MicrotatGbiotes w i l l  not be regarded as s e l f  r e a l i c a t i n g  i n  t h e  sense of being 

antonomossly s e l f  r ep l i ca t ing .  However, where it is  i n s t r u c t i v e  w e  w i l l  present 

comparable d a t a  on viruses.  

The minimum s e l f  r e p l i c a t i n g  system w i l l  then be regarded as t h e  minimum.unit 

capable of forming a clone from a s ingle  organism i n  the absence of any other 

l i v i n g  c e l l s ,  Minimum implies an a t t e m p t  a t  s impl i c i ty ,  a concept not always.easy 

t o  define.  Two views are poss ib le  a t  t h i s  po in t ,  the smallest free l i v i n g  organism 

i n  terms of mass o r  t h e  organism with the  smallest genome, A t  t h e  present ,  one 

spec ies  f i l l s  both these  spec i f i ca t ions ,  Table 1 and Figure 1 give data on c e l l  

mass and genome s i z e  f o r  a v a r i e t y  of minute organisms, 
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The f i r s t  p a r t  of t h i s  r epor t  w i l l  consist  of a descr ip t ion  of t h e  observed 

s i z e  and p rope r t i e s  of t h e  smallest  f r e e  l i v i n g  c e l l s  t h a t  w e  have been ab le  t o  

inves t iga te .  

c e l l  i s  always open ended and l imi ted  by our techniques of searching p a r t i c u l a r l y  

It nus t  be noted t h a t  t h e  experimental search f o r  the smallest 

I 
i n  regard t o  t h e  choice of growth medium and growth conditions. 

discussion of t h e  experimental ma te r i a l  we w i l l  set up a model of t h e  minimum c e l l  

cons is ten t  with a cur ren t  viewpoint of  molecular biology. 

examice some of t h e  t h e o r e t i c a l  aspects r e l a t i n g  t o  very small c e l l s .  

Following t h e  

Thirdly,  we w i l l  b r i e f l y  

. *  

Since t h e  smailest  f r e e  l i v i n g  c e l l s  t h a t  have been inves t iga ted  are 
3 

pleuropnemonia-like organisms 

desc r ip t ion  of t h i s  family. 

Freunt (i358) i n  h i s  monograph "The Yprconlasmataceae . ' I  

biycoplas-.ztaceae of which one genus MvcoDlasma has been recognized. 

c e l l s  which l i e  i n  t h e  general  s ize  range between t h e  b a c t e r i a  and the  v i ruses .  

Because of pleomorphism t h e i r  s ize  overla7s both o ther  groups of microorganisms. 

PPLO a r e  capLble of autonomous self  r e p l i c a t i o n  and a s i n g l e  e n t i t y  w i l l  g ive  r ise  

t o  a c0lor.y when grown on an appropr ia te  nu t r i en t  agar surface.  

d i s t i nga i shed  from t h e  b a c t e r i a  i n  t h r e e  p r i n c i p a l  ways: 

1. 

(PPLO, 1:vcoDlnsma) we w i l l  begin with a general  

The problems of PPLO taxonomy have been discussed by 

The family designation i s  

PPLO are minute 

They are 

PPLO lack  a r i g i d  c e l l  w a l l  and are bounded only by a u n i t  membrane 

(Klieceberger-Nobel, 1962). 

Viable units w i l l  be found i n  t h e  f i l t r a t e  through a c e l l u l o s e  a c e t a t e  f i l t e r  2. 

3 
A nmber  of minute b a c t e r i a  have been repor ted  p a r t i c u l a r l y  i n  genera Ve i l lone l l a ,  

D i a l i s t e r ,  and Achromobacter. 

t hese  are l a r g e r  than t h e  small PPLO. 

From the  ava i l ab le  evidence it appears t h a t  
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of 0.3 p pore diameter (Morowitz, Tour te l lo t te  and Pollack, 1963) Nost s t r a i n s  

have v iab le  u n i t s  which pass through a 0.22ppore diameter f i l t e r .  Since t h e  

c e l l s  a r e  not r i g i d ,  f i l t e r  pore diameter does not demonstrate t h a t  t h e  

average c e l l  diameter i f  less than 0 . 2 2 ~ .  

3. All s t r a i n s  except one contains cholesterol  (Klieneberger-Nobel, 1962) , I n  

addi t ion,  t he re  appear t o  be no major biochemical differences between these  

c e l l s  and other  c e l l u l a r  systems, The pathways, intermediates,  and macromolecules 

appear t o  be t h e  same as i n  other  c e l l u l a r  systems. 
b 

Since t h e  s tud ie s  on the  proper t ies  of PPLO have been ca r r i ed  out on many 

s t r a i n s ,  a t t e n t i o n  w i l l  be concentrated on th ree  of these  which will prove t o  be 

of spec ia l  i n t e r e s t :  H39, MycoDlasrna l a i d l a v i i  and Mycoplasma aall isepticum. 

H39 i s  a s t r a i n  i n i t i a l l y  i so l a t ed  from human t i s s u e .  Among t h e  var ious s t r a i n s  

t e s t e d  i n  our laboratory it i s  t h e  smallest  by t h e  following c r i t e r i a :  

1. 

2. 

3, 

4. 

1. 

2. 

3. 

Genone s i z e  

a. Measured by e lec t ron  microscopy of t h e  displayed DNA from c e l l s  lysed on 

ti prote in  f i lm,  

:>leasxred by DNA per clone forming un i t .  b. 

Ce l l  mass based on DNA, RNA and protein per  clone forming un i t .  

Cell s i z e  from e lec t ron  microscopy. 

F i l t e r a b i l i t y  - H39 y ie lds  t h e  highest r e l a t i v e  t i t e r  through a 0 . 2 2 ~  ?ore 

s i z e  f i l t e r ,  

A t y p i c a l  post  d iv is ion  c e l l  of t h i s  s t r a i n  has t h e  following nroper t ies :  

A nor; aqLeous mass of the  order  of 10 

l o 9  atoms, 

This corresnonds t o  less than -14 
gms. 

6 
A genome of molecular weight 350 x 10 

Approximately 400 ribosomes , 
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4. The p ro te in  mass which i s  the order of 5 x 

about 60,aoo pro te in  molecules of 50,000 molecular weight. 

A t  a pH of 7 t h e r e  are an average of two hydrogen ions per  c e l l .  

gms and i s  t h e  equivalent of 

5. 
, 
b It should be noted t h a t  a genome of 350 x 10 molecular weight u n i t s  has a r e l a t i v e l y  

> l imi ted  coding c q a c i t y .  This molecular weight corresponds t o  5.5 x 10  base 
, 
b p a i r s  o r  1.1 x 10 b i t s  of information. 

t h e  t o t a l  p ro t e in  message t h a t  could be encoded i n  t h i s  genome i s  1.8 x 10 

acids.  

Looked a t  i n  a somewhat d i f f e r e n t  way, 

5 amino 

If w e  assume an average of 450 'amino ac ids  per  pro te in  then 400 ty-pes of 

p ro te ins  could be encoded i n  t h i s  genome. The func t iona l  capacity of H39 c e l l s  i s  

l imi t ed  by t h e  s i z e  of t h e  genome. 

t h a t  has been reported i s  800 x 1 0  

By comparison, t h e  smallest  b a c t e r i a l  genome 

f o r  - H. inf'luenzae. 6 

The s t u d i e s  on t h e  u l t r a s t r u c t u r e  of t h i s  s t r a i n  a r e  i n  a prelimicary stage.  

The c e l l s  are e l l i p s o i d s  with average l i n e a r  dinensions t h e  order of 0 . k ~ .  

sizes may vary between 0 . 2 ~  and 1.0~. 

The 

The c e l l  i s  bounded by a u n i t  membrane and 

t h e  ribosomes appear t o  be mainly i n  a zone around t h e  periphery of t h e  c e l l .  

Replication ap-oears t o  proceed by binary f i s s i o n .  The two daughter c e l l s  may be 

of unequal s i z e .  

The s t r a i n  Myconlasma ca l l i sep t icum i s  l a r g e r  than  H39. 

considerable information on d e t a i l e d  morphology as w e l l  as t h e  na ture  of t h e  

It has,  however, y ie lded  

r e p l i c a t i o n  cycle.  

Morowitz and Barnett ,  1965a;1965b; Haniloff, 1965). 

For t h i s  reason w e  will review these  f ea tu res  (Maniloff, 

It should be noted, however, 

t h a t  no evidence e x i s t s  a t  t h e  moment t h a t  t h e  p a r t i c u l a r  morphological f e a t u r e s  

of t h i s  s t r a i n  a r e  of general  occurrence i n  t h e  pleuropneumonia-like organisms. 

There i s  considerable s i z e  va r i a t ion  i n  t h i s  s t r a i n .  A t y p i c a l  pos t  d iv i s ion  

c e l l  i s  shown negat ive ly  s ta ined  i n  Figure 2. 

i n  s i z e  and shows t h r e e  wel l  defined areas: 

It is  approximately 0.5 x 0 . 8 ~  

a b leb ,about  1000 A i n  diameter, a,n 
0 

i n f r ab leb  reg ion ,  and a l a r g e  c e l l  body. I n  Figure 3 these  same genera l  f ea tu re s  



-5- 

are shown i n  t h i n  sec t ion  micrographs of t he  same s t r a i n .  The b leb  i s  highly 

struccured. The main body of t h e  c e l l s  shows t h e  ribosomes l i n i n g  t h e  i n t e r i o r  

of t h e  c e l l  membrane with t h e  DNA i n  a c e n t r a l  nuclear region. 

i n  t h e  following way. 

s t r u c t u r e  begins t o  grow. The c e l l  eiongates and t h e  DNA r e p l i c a t e s .  The 

ribG;mes continue t o  l i n e  t h e  i n t e r i o r  of t h e  c e l l  membrane i n  t h e  cen-cral body 

of t h e  c e l l .  The c e l l  f u r t h e r  elongates,  t h e  nuclear material p u l l s  aTart and 

ribosomes f i l l  t h e  in t r anuc lea r  space. The c e l l  then p u l l s  apa r t  and d iv ides .  

Figure 4 shows a d iv id ing  c e l l .  

Replication proceeds 

I n  t h e  region opposite t o  t h e  b leb  a new bleb  in f r ab leb  

1. 

2. 

3. 

4. 

A nuSoer of f e a t u r e s  appear from the  microscopic descr ip t ion  of t h i s  s t r a i n .  

The highly s t ruc tu red  b leb  which i s  c l e a r l y  r e l a t e d  t o  the r e p l i c a t i o n  process 

appears t o  be a new organelle,  not previously observed i n  microorganisms. 

Cel l s  of t h i s  s t r a i n  are t o t a l l y  ordered. 

of t n e  c e l l  t h a t  can be regarded as a so lu t ion  phase. There i s  evidence t h a t  

t h e  ribosomes themselves e x i s t  i n  order ly  a r r ays  (Maniloff, Morowitz, and 

B a n z t t  1965a). 

Tfie r e p l i c a t i o n  process i s  programmed i n  a r a t h e r  p rec i se  way w l t h  respec t  t o  

t h e  subce l lu l a r  morphology. 

Cells of a r a t h e r  l imi t ed  genome showed a very e labora te  subce l lu l a r  morphology, 

The t h i r d  s t r a i n  of i n t e r e s t  i s  WcoDlasma la idlawii  B. It i s  of s p e c i a l  

There appears t o  be no su5volume 

i n t e r e s t  here  because of two types of study t h a t  have been performed: 

a) growth on a defined medium and b )  characzerization of nembrane su-aunits. 

- Y. laidlatri i  w i l l  grow on a defined medium made up of about 40 corist i tcents.  

The geaoxe s ize  has 

between 550 and 900 x 1 0  . The a b i l i t y  t o  grow on a defined medium i s  t h e  

u l t ima te  t es t  of autonomy, and i s  s i g n i f i c a n t  t o  f i n d  a pleuropneumonia-like 

organism t h a t  meets t h i s  c r i t e r i a .  

not been measurec with g r e a t  prec is ion  but probably l i e s  

6 
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When highly pu r i f i ed  membrane preparations of M. l a id l awi i  are t r e a t e d  with 

sodium l z u r y l  s u l f a t e  (SLS) they dissolve giving r ise t o  subunits which sediment 

as homogeneous 3.4s p a r t i c l e s .  The sedimentation of SLS membrane p a r t i c l e s  have 

been s tudied i n  H20 and D20. By using solvents  of d i f f e r e n t  densi ty ,  information 

i s  obtained on t h e  p a r t i a l  spec i f i c  volume of t h e  sedimenting p a r t i c l e .  

values it appears t h a t  t h e  subunits are l ipopro te ins .  

is  dialyzed t o  remove t h e  SLS and add divalent  metal ions,  s t ruc tu res  a r e  

recons t i tu ted  which show the  sane s t ruc tu re  i n  t h i n  sec t ion  e lec t ron  microscopy as 

t h e  i n i t i a l  membrane preparat ions (Razin, Morowitz, and Terry, 1965) 

mater ia l  cons i s t s  of "uni t  membranes" about 70 A i n  thickness.  

membrane appears t o  be s t ruc tured  of r a the r  homogeneous subunits. 

subsequently found a number of membrane systems which exhib i t  t h e  behavior J u s t  

described f o r  M, l a id l awi i  preparations.  That i s ,  they  disaggregate i c t o  l ipo-  

pro te in  subuni ts  which can then be reaggregated i n t o  u n i t  membrane s t ruc tu res .  

From these  

When the  dissolved material 

i 

The reformed 
0 

Thus, t h e  

We have 

- 

Having b r i e f l y  reviewed the  per t inent  p rope r t i e s  of t h e  pleuropneumonia-like 

organisms we may t u r n  our a t t en t ion  t o  pos tu la t ing  t h e  minimum b io log ica l  self 

r e p l i c a t i n g  system cons is ten t  with present day knowledge of molecular biology. 

We begin by l i s t i n g  t h e  empirical  genera l iza t ions  which w i l l  de f ine  t h e  system w e  

wish t o  discuss .  

1. 

2. 

. .  3. 

The minizal  system w i l l  be a c e l l .  

surrounded by e "uni t  membrane" approximately 75 A i n  thickness.  

The system w i l l  be capable of autonomous s e l f  rep l ica t ion .  

a host  c e l l  or  o ther  l i v i n g  e n t i t y  the  minims1 c e l l  w i l l  be ab le  t o  ex t r ac t  

agoropriate  molecules from i t s  environment and gives  r i s e  t o  two o r  more 

e n t i t i e s  s imi l a r  t o  t h e  o r i g i n a l  so  t h a t  a t  least two or" t hese  are capable of 

zhenselves being s e l f  rep l ica t ing .  

1n;'o:xnation s torage  i s  i n  double stranded DNA. 

Morphologically, t h i s  cons i s t s  of s t r u c t u r e s  
0 

I n  t h e  absence of 

Thus, between 500,000 and 
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4. 

5. 

6. 

7. 

1,000,000 molecular weight of I>XA w s t  be allocated for each enzymatic function. 

Protein synthesis proceeds through activated anlno acids and transfer RNA. 

Synthesis takes place at a ribosome-messenger RNA site. 

Nucleic acid synthesis is a direct template readout involving polymer- =ses. 

A minimux of energy metabolism must be maintained to suFply ATP from ADP 

and ghosghate. 

The cell is biochemically normal; that is, the building blocks are the usual ~ 

amino acids, nucleotides and sugars which are ubiquitous in biological systems. 

In addition, the cell is approximately 75% weter, 

The r.ex-L step is to postulate the nurnber of enzymatic functions necessary for 

replication. 

one poly..-erizing enzyme. 

plus anoiher group involved in the synthesis of nucleotide trighosphates. 

assume tkat nine enzymes are involved in these functions. 

metabolism can operate with about eight enzymes, 

of the zcnbrzne lipoproteins requires another group of enzymes and a minimu 

number of five will be postulated. 

weight of DRA per enzyme, the genome to code these functions must be 33,750,000 

molecular weight units. In addition, the following must be encoded: ribosomal 

protein, ribosomal RNA, transfer RNA, and membrane protein. 

minimal genome molecular weight to about 40,000,000, 

two molecules of each enzyme type, two mlecules of each t p e  of transfer RVA, 

1,000,000 moiecular weight of messenger RNA and Three 70s rlbosones, then we nust 

add an additional i6,000,000 molecular Freight bringing the total to 48,000,000 or 

8 x 

425 A radius, 

is aboLt 1000 A in diameter. 

In protein synthesis we need twenty activating enzymes and at least 

For nucleic acid synthesis we need two polymerizing enzymes 

We will 

A simnlified energy 

The synthesis of the lipid moiety 

This totals 45 and assuming 750,000 moleculsr 

These will bring the 

In addition, if the cell has 

gms. This mass, as an 25% aqueous suspension, would occupy a sphere 
0 

If we now enclose this sphere in a unit membrane the resulting cell 
0 

This is the smallest hypothetical cell that we can 
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envision within t h e  context of cur ren t  biochemical thinking. It i s  almost 

c e r t a i n l y  a lcmr l i m i t ,  s ince  w e  have allowed no con t ro l  Pmct ions ,  no vitamin 

metabollsm and extremely l imi t ed  intermediary metabolism, Such a c e l l  would be 

very vulcerzble t o  environmental f luc tua t ion .  

I n  a population of H39 c e l l s  t h e r e  appears t o  be v i eb le  c e l l s  with an average 

diameter of l e s s  than 3000 A. Since t h e  minimum hypothetical  c e l l  has a diameter 

of over 1000 P. there i s  a l imi ted  gap i n  which t o  seek smaller c e l l s .  

0 

0 

I n  l i g h t  of t h e  present  discussion of t h e  minimum c e l l  and previous con- 

s ide ra t ions  of some of t h e  order ly  p r inc ip l e s  of biomolecular s t r u c t u r e  it i s  

pe r t inen t  t o  raise questions about the p o s s i b i l i t y  of synthesizing these  c e l l s .  

We w i l i  f i rst  make t h e  simplifying assumption t h a t  we need only t o  synthes ize  t h e  

appropriate zo lecu la r  s t r u c t u r e  and it w i l l  then function as a c e l l .  Th i s  

conclusion has been amply confirmed by experiments i n  cryobiology wnich demonstrate 

t h a t  c e l i s  w i l l  not l o s e  t h i e r  self r e p l i c a t i n g  property after being exposed t o  

temperature near absolu te  zero. Since only s t r u c t u r e  p e r s i s t s  a t  these  temperatures 

it i s  wparen?; t h a t  spec i f i ca t ion  of s t r u c t u r e  i s  s u f f i c i e n t  t o  spec i fy  t h e  minimum 

self re;?licz.ting un i t .  We conclude th&L i n  p r i n c i p l e  t h e  synthes is  of a l i v i n g  

c e l l  r equ i r e s  a s k i l l e d  organic chemist, someone capable of assembling t h e  

appropr ia te  atoms and connecting them with t h e  appropriate bonds. 

Tne next po in t  t o  be r a i sed  i s  t h e  problem of how d i f f i c u l t  it would be t o  

9 synthesize a s t r u c t u r e  of 10 atoms. Here information theory lends some ins igh t  

at  an idea l i zed  l eve l .  Using optimal binary coding and specifying each atom it 

9 would t ake  about 7 x 10  b i t s  t o  specify such a s t ruc tu re .  A s e t  of i n s t r u c t i o n s  

of t h i s  i eng th  could a?p-oxinately be encoded i n  a set of volumes w i t h  a t o t a l  

message length  somewhat longer than t h a t  of the  Encyclopedia Br i tan ica .  

What i s  made c l e a r  by t h e  genera l  p r i n c i p l e s  of biomolecular s t r u c t u r e  i s  

t h a t  t h i s  f i g u r e  i s  a gross overestima-ce. For example, i f  a c e l l  has t e n  thousand 
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ident ic21  mex’arane subunits it i s  only necessary t o  encode t h e  information once, 

whereas i n  t h e  previous estimate it w a s  encoded t e n  thousand times. 

i s  c l e a r  t h e t  it i s  not necessary t o  l o c a l i z e  so luble  molecules i n  t h e  c e l l  nor 

i s  it mcessa ry  t o  l o c a l i z e  a l l  organelles w i u h  very g r e a t  prec is ion .  It may a l s o  

be noted t h a t  i f  w e  opera te  with n a t u r a l  subunits r a t h e r  than atoms the  complexity 

w i l l  be considerably reduced. Thus, i f  t he  previous ca l cu la t ion  s t a r t e d  with 

amino ac ids ,  bases,  sugars,  f a t t y  ac ids ,  e tc . ,  i n s t ead  of atoms t h e  information 

8 would be rethced t o  5.3 x 10 b i t s .  

I n  addi t ion ,  it 

An a l t e r n a t i v e  approach i s  t o  ca l cu la t e  t h e  information i n  t h e  genome and assume 

t h a t  t h l s  must be synthesized i n  four  forms f o r  assembly i n t o  t h e  c e l l .  

forms a r e  DMA language, RNA language, proteir .  language and subs t r a t e  languzge. 

Such an ana lys i s  l eads  t o  an information estimate of 4 x 10  

complexizy of H39. 

encoded In  a s i n g l e  volume. 

have zn information content of 2 x 10  b i t s .  

anything of t h e  complexity of a f r e e  l i v i n g  c e l l .  

t o  suggesz tha t ,  from an informational point of view, the re  a r e  any b a r r i e r s  t o  t h i s  

type ~ i ‘  synthes is .  

The four  

6 b i t s  f o r  a c e l l  of t h e  

An i n s t r u c t i o n  of t h i s  information capacity could c l e a r l y  be 

The l a r g e s t  s t r u c t u r e  t h a t  can p resen t ly  be synthesized 

3 Ynus we are qu i t e  far  from synthesizing 

Nevertheless, t h e r e  i s  nothing 

These cons idera t ions  lead  t o  a r a the r  simple view of t h e  func t iona l  complexity 

!de assume t h a t  primary information s torag?  i s  i n  t h e  of minimal c e i l u l a r  systems. 

DNA ana zha t  u t i l i z a t i o n  of 400 chemical s t eps  i s  s u f f i c i e n t  t o  guarantee c e l l  

r e p l i c a t i o n  i n  a s u f f i c i e n t  number of cases. 

of nacronolecuiar s t r i lc ture  i s  almost s u f f i c i e n t  t o  specify organel le  s t r u c t u r e  and 

t h z t  t h e  s t r u c t u r e  and organization of organel les  w i l l  provide an adequate b a s i s  f o r  

We f u r t h e r  assume t h a t  s p e c i f i c a t i o n  

c e l l  r e p l i c a t i o n .  

w i l l  then  provide t h e  background f o r  t h e  d e t a i l e d  study of t n e  r e p l i c a t i o n  procdss. 

The e luc ida t ion  of the  synthes is  of organelles from macromolecules 
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rv ine existecce of very minute Trze living forms brings into focus a number 

of biological questions about replication ana control in living systems, The 

snaller the cells, the more sharply are the questions posed. It seems reasonable 

to believe that the detailed characterization of these small systems will begin 

to provide answers to a number of these questions. 
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Tabie 1 

~~ -~ 

Cell Xon-aqueous Bumber of Total Xumber of Fraction of Structures in This 
Radius Cell Mass Atom in Macromolecules Cell Volume Size Range 
(Microns i gms Non-aqueous Molecular Weight in Membrane 

Cell Kass 50 000 (percent 

.30 

. 28 

.26 

.24 

.22 

.- 

.18 

.16 

.14 

.12 

.10 

.08 

.06 

30.5 10-l5 

19.8 1.0-l5 

15.7 1 0 - ~ 5  

12.0 10’~s 

9.02~ 10-I-5 

6.59 

4.62 10-l5 

3.08 10.~5 

1.95 

1.13 10-l5 

-1 5 24.6 x i3 

5.7d x 

2.44 x 10-l~ 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

22.9 x 10 

18.6 x 10 

14.9 x 10 

11.8 x 10 

9.00 x 10 

6.77 x 10 

4.94 x 10 

3.47 x 10 

2.31 x 10 

1.46 x 10 

8.47 lo7 

7 4.34 x 10 
7 1.83 x 10 

361,000 

298,000 

238,000 

189 000 

144,000 

log , 000 
79 9 400 

55,600 

37 9 000 

23,400 

13,600 

6,960 

2,930 

9.73 P. Fr,eumonze 

10.3 F. laidlawii 

11,2 9. influenzae 

12.1 M. gallisepticum 

13.0 V. parvulus 

14.1 D. pneumosintes 

16.0 H39 

17.5 

19,4  

23.1 

27.0 

33.2 

41.1 Influenza virus 

Vaccinia virus 
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Grayhical representatior: of ger.0r.e s i z e s  for various 
groups of microorganisms. 

' ,E. coli 

--  OF . .iE 

,';a 7 
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Figu-re 2 

S i n g l e  cell of !;ycoalasr?.a gallisen:?%, f ixed  i n  glutaraldehyde and 

c?ga-~iveiy stairxd. 
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F i p r e  3 

S k z L e  c e l l  of Nyconiesrca pel l isezcicw.  fi:iec in glutarsldehyde, epon 

er.5ecde6, Thin sectioned and staicec with ursnyl ace-cate. ( 7 2 , 8 0 0 ~ )  

* 
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Figure 4 

. 

Dividlng cell of Kycoplasma E a l l i s e p t i c u z  prepared as in Figure  3.  ( 7 2 , 8 0 0 ~ )  

. .  
i " . .  
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A-ooendix I 

ConslderaSie progress has bem :Lade GE t h e  theore5ica l  s tud ie s  on 

i r r z v e r s i b l e  s t a t i s t i c 2  mechanics and evolut ion,  T h i s  mater ia l  i s  

cur ren t ly  being put i n  more organized forrn f o r  t h e  suimer colloqziurn i n  

t h e c r e t l c a l  biology, It w i l l  be covered i n  more d e t a i l  i n  a subsequent 

repor t .  


